The electrochemical properties and long-term performance of an in-situ composite cathode comprised of SmBa0.5Sr0.5Co2O5+δ (SBSCO) and Ce0.9Gd0.1O2-δ (CGO91) are These results suggest that the optimum temperature for in-situ firing of an SBSCO:50 cathode sample of MS-SOFC is higher than 700 o C, ideally around 750 o C.
Introduction
Materials of layered perovskite type have recently been the subject of increased interest as cathode materials for Intermediate Temperature-operating Solid Oxide Fuel Cells (IT-SOFCs) because the high surface exchange coefficient and advanced bulk diffusion coefficient in layered perovskites result in a much higher performance than that observed for other materials used as conventional cathodes for IT-SOFCs [1] [2] [3] [4] [5] .
Previous and on-going IT-SOFC cathode studies by our group have shown that Sr doped layered perovskite materials are promising cathode materials for application in SOFCs at temperatures between 500 o C and 700 o C [6] [7] [8] . Our research has been applied to layered perovskite compounds with the chemical formula YBaCo2O5, a material first synthesized and investigated in 1993 [6] . One very useful material in such layered perovskites is a 50% Sr-substituted oxide, YBa0.5Sr0.5Co2O5+δ, which shows increased electrical conductivity, with a maximum value of 130 S cm [6] . This implies that Sr substituted layered perovskites can be used as potential cathode materials for Solid Oxide Fuel Cells (SOFCs). Based on these results, our group has reported excellent ASRs of composite cathodes of SmBaCo2O5+δ 5 (SBCO) [7] and SmBa0.5Sr0.5Co2O5+δ (SBSCO) [8] . The ASR of SBCO on Ce0.9Gd0.1O2-δ (CGO91) is 0.13 Ω cm 2 [1] . The new composite cathode, SBSCO:50, shows lower ASR results than those of both conventional cathodes and layered perovskite cathodes for ITSOFCs [8] .
Based on the ASR results for SBSCO:50 [8] , a composite cathode comprised of 50 wt% SBSCO and 50 wt% CGO91, was chosen for further tests relevant to cathode materials in metal supported solid oxide fuel cells (MS-SOFCs) because MS-SOFCs 6
show not only advanced thermal resistance, good mechanical strength and improved sealing efficiency but also a relatively quick start up property when compared to those qualities of general SOFCs [9] [10] [11] [12] [13] [14] . However, oxidation of the metal substrate, the NiCr-Fe material and the anode substrate comprised of MS-SOFCs can occur in the high temperature range fabrication condition [15, 16] , which indicates that all of fabrication processing has to be carried out under hydrogen or inert gas. In the case of the cathode, Co containing perovskite can be decomposed under these gas conditions. Therefore, cathodes have to be prepared using an "in-situ" technique, which means that the coating process was carried out by screen printing and subsequent drying, but without additional heat treatment, in order to prevent the oxidation of MS-SOFC components and the substrate. In summary, the term "in-situ" in this study signifies that the cathodes in the symmetrical half cells were not subject to any sintering process before testing.
Significantly, the electrochemical properties of the in-situ cathode were investigated with respect to the temperature and measuring times because cathodes used for MSSOFCs cannot be sintered in air at 1000-1200 o C under the single cell preparation processes of MS-SOFCs [17, 18] . The objective of this work is to study the electrochemical properties and the long term performance of the in-situ composite 7 cathode SBSCO:50 to determine its durability and performance as a cathode for MS-SOFC application.
Experimental

Sample preparation
Samarium oxide (Sm2O3), barium carbonate (BaCO3), strontium carbonate (SrCO3), and cobalt oxide (Co3O4) were used for the synthesis of SmBa0.5Sr0.5Co2O5+δ (SBSCO).
For the composite cathode, 50 wt% of SBSCO and 50 wt% of Ce0.9Gd0.1O2-δ (CGO91) powders were mixed and suitable inks were made by mixing these powders with an appropriate solvent and binder system. The composite cathode inks were coated onto dense CGO91 pellets sintered at 1400 o C for 4 hours. The final geometry of the sintered CGO91 electrolyte pellets was approximately 21 mm diameter and 2 mm thickness. The thicknesses of the sintered SBSCO:50 and in-situ SBSCO:50 were about 25 and 30 μm, respectively and the final surface area of the symmetric cell was about 1.09 cm 2 .
For all measurements related to the in-situ cathode, the cathode coated on the CGO91 pellet was directly used after drying in an oven, without a subsequent sintering step. Ptpaste and Pt-mesh were used for current collection. Pt mesh, having a surface area of 8 1.09 cm 2 , was placed on the cathodes and Pt paste was also used between the mesh and each cathode as a current collector.
Electrochemical characterization
The electrochemical properties of these samples were measured at 650, 700 and 750 o C. In order to evaluate the effect of sintering on the in-situ cathode, an SBSCO:50
cathode was sintered at 1000 o C for 1 hour. The thicknesses of the sintered SBSCO:50 was about 25 μm and the final surface area of the symmetric cell was about 1.09 cm 2 .
The measurements of the electrochemical properties and of the area specific resistances The ASR was calculated from the difference between the intercepts of the high frequency and low frequency parts and the Z / axes of the Nyquist plots and the result divided by 2. The ohmic resistances were extracted from the same electrochemical impedance spectroscopy plots using only the intercept of the high frequency parts of the spectra with the Z / axes.
Microstructural characterization
The microstructure of the symmetrical half cells was investigated using field emission scanning electron microscopy (FE-SEM, S-4300, Hitachi) combined with energy dispersive spectroscopy (EDS). result, which is higher than that of the sample that was sintered before the start of the testing, is directly related to cathode degradation, which is caused by long term measurement and which it was not possible to reverse even when a sintering process 13 was later applied to the in-situ sample.
Results and discussion
Comparison of electrochemical properties
The different ASRs of the two specimens can also be related with the differences in the ohmic resistances, which are measured using the intersection of the Z / -axis and the high frequency arc in the Nyquist plot. To evaluate the influence of the sintering effect, This implies that the major part of the sintering effect on the overall electrochemical performance of the in-situ cathode is not the result of changes at the cathode surface or the inside of the cathode but is rather dominated by changes at the interface between the cathode and the electrolyte after heat treatment. Unsurprisingly the ohmic resistance is generally reduced by sintering at 1000 °C, because of the huge improvement of contact 16 at the interface between electrolyte and cathode. The described experiment proves that this positive effect on the ohmic resistance is achieved, no matter if the sintering step is carried out before the start of the experiment or after 1000 hours of operation at 700 °C.
(a) To further investigate the relation of the ASRs and the ohmic resistances, Fig. 3 displays impedance plots of the in-situ and sintered SBSCO:50 cathodes on a CGO91
electrolyte at different measuring times. The lines in these figures indicate experimental results; some of the points on these lines are substituted with symbols combined with superscript numbers; these denote the logarithm of the frequency at which these data points were received. A symbol with a superscript 2 thus signifies that the impedance data related leading to this point of the plot were received at a frequency of 100 Hz. which is related to the electrolyte, but also to the sintering processes in the composite cathode and between the cathode and the electrolyte; obviously, both the interfaces of the cathode/electrolyte and the cathode/cathode are affected [19, 20] . Additionally, the size of the impedance arcs measured at the low frequency ranges increased with respect 20 to the measuring times and the ohmic resistance measured at high frequency ranges decreased because the interface (cathode/electrolyte) and the bulk of the cathode (cathode/cathode) were sintered together. However, in this case, sintering phenomena mainly occurred at the interface of the electrode/electrolyte rather than at the interface of the electrode/electrode. 
(b)
. In other words, the post sintering process applied to the in-situ cathode did momentarily decrease the total ASR, but these ASR results did not maintain a constantly low value after the continuation of the measurement. In more detail, with increasing measurement time after heat treatment, the ohmic resistance did not change and remained in the vicinity of 3.100 Ω cm 2 . However, the ASR values increased, especially due to the increase of the low frequency impedance arcs measured at frequencies such as 10 0 and 10 -1 Hz. After heat treatment at 1000 o C for 1 hour, the low frequency arc 21 became more dominant with respect to the measurement time because of gas diffusion problems caused by the changed microstructure in the composite cathode. 
Relationships between microstructure and electrochemical properties
Electrochemical properties of in-situ SBSCO:50
Experiments were also carried out to investigate the effects of sintering and long term 
Conclusions
In this research, the electrochemical properties and long-term performance of an insitu composite cathode (SBSCO:50) were investigated for MS-SOFC applications.
Prior to the impedance experiment, the sintered SBSCO:50 cathode showed an ASR Most usefully, the operating temperature required for the operation of a MS-SOFC application using the in-situ SBSCO:50 cathode has to be higher than 700 °C. Future work will include further studies about the influence of high temperature on microstructure and on the long-term durability including long term measurements at 800 °C. The comparison of these results with experiments presented in this paper will help to investigate an optimum temperature for the operation of MS-SOFCs with in-situ cathodes. 
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